A method was developed to enhance the sensitivity of a Listeria monocytogenes PCR detection system by in vitro transcription of amplicons incorporating bacteriophage T7 RNA polymerase promoter sequences in one of the priming oligonucleotides. The resulting transcript can be detected by hybridization with a DNA probe immobilized in the wells of a microtiter plate, followed by immunoenzymatic assay of the RNA-DNA hybrids with an anti-RNA-DNA hybrid antibody. This highly sensitive method was reactive in the assay of various L. monocytogenes isolates but not with other Listeria or non-Listeria species.
A method was developed to enhance the sensitivity of a Listeria monocytogenes PCR detection system by in vitro transcription of amplicons incorporating bacteriophage T7 RNA polymerase promoter sequences in one of the priming oligonucleotides. The resulting transcript can be detected by hybridization with a DNA probe immobilized in the wells of a microtiter plate, followed by immunoenzymatic assay of the RNA-DNA hybrids with an anti-RNA-DNA hybrid antibody. This highly sensitive method was reactive in the assay of various L. monocytogenes isolates but not with other Listeria or non-Listeria species.
The amplification of specific DNA sequences by the PCR technique has been used widely for the rapid and sensitive detection of bacterial food pathogens (3, 7, 12) . Although PCR has great potential as a very sensitive and specific technique, in some instances permitting the detection of fewer than 10 cells (e.g., enterotoxigenic Eschenchia coli) per reaction (17) , it has not always been possible to achieve this level of sensitivity in its application to the detection of pathogens in enrichment cultures of food and environmental samples. Limitations on the ability of the PCR to detect pathogens may result partly from the presence of inhibitors in the enrichment broth and sample matrix (13) and other more mundane possibilities, such as the quality of the Taq DNA polymerase used and the limited volume of sample (e.g., a few microliters) which can be introduced into the PCR mixture. The sensitivity of the PCR can be enhanced by detection of the product with DNA probes targeting the amplified sequences (4, 8) . However, such methods usually involve labor-intensive DNA-DNA hybridization procedures and require the use of probes labelled with detectable chemical or radioactive moieties, which can be costly to prepare and difficult to standardize. Furthermore, DNA probes targeting the PCR product sometimes produce only a moderate improvement in the sensitivity of the test, which may still require more than 10 to several hundred cells per reaction in order to give a detectable signal (1, 5) . Therefore, there is a great need for simple and inexpensive methods to augment the sensitivity and reliability of PCR tests, particularly for the food industry and other users who must routinely process large numbers of samples.
Before the introduction of the automated PCR amplification technique with the thermostable enzyme Taq DNA polymerase (14) , an elaborate method was developed to enhance the sensitivity of a human immunodeficiency virus PCR system. This method involved appending bacteriophage promoter sequences to one of the priming oligonucleotides, resulting in the generation of amplicons, which were subsequently transcribed in vitro to give further amplifica- This article describes a simple method for direct transcriptional enhancement of the automated PCR and a rapid, inexpensive immunoenzymatic detection system that uses an antibody recognizing the RNA-DNA hybrids formed upon hybridization of the transcription product with probe DNA immobilized in the wells of a microtiter plate. The availability of antibodies recognizing RNA-DNA hybrid helices (15, 16) obviates the need to introduce chemical labels on either of the reacting nucleic acid strands in this assay, since the specific hybridization of the RNA transcripts with the immobilized complementary DNA probe should form a suitable structure for immunospecific detection (2) . As an example of the applicability of this transcriptional enhancement and immunoenzymatic assay system in automated PCR analyses, the amplification of DNA sequences from the Listeria monocytogenes-specific hlyA gene encoding the well-known virulence factor listeriolysin 0 (9) was studied.
Bacterial strains and media. PCR. Bacterial lysates and purified chromosomal DNA were prepared for PCR as previously described (2) . Primers for the PCR were selected from the published nucleotide sequence of the hlyA gene (9) . A 730-bp fragment spanning nucleotides 680 to 1411 (encompassing the two HindIII sites) was amplified by using a 21-mer forward primer, 5'-CATTA GTGGAAAGATGGAATG-3' (primer A), and a 20-mer reverse primer, 5'-GTATCCTCCAGAGTGATCGA-3' (primer B). The synthesis of these primers and the conditions used in the PCR amplification of hlyA sequences were described previously (2) . To minimize the possible inhibitory effects of enrichment broth components (13) , 10 ,ul of sample was routinely mixed with PCR mixture to give a total volume of 100 ixl.
PCR-TE. For PCR with transcriptional enhancement (PCR-TE), the PCR was performed as described above except that the forward primer was replaced with an identical oligonucleotide having an additional 26 nucleotides corresponding to the T7 RNA polymerase promoter sequences appended to the 5' end, giving the 47-mer forward primer 5'-AAlTlTTAATACGACTCACTATAGGGATCATTAGTG GAAAGATGGAATG-3' (primer A-T7). (The T7 RNA polymerase binding and preferred transcription initiation sites [6] are indicated by underscoring.) The Figure 1 shows that the product of the transcription reaction obtained at all incubation times (Fig. 1, lanes 1 to 4) was of a uniform size, suggesting that the transcripts were complete. The amount of transcript produced increased with the incubation time, with maximum production (as judged by the intensity of the transcript bands in the agarose gel) occurring after 2 to 3 h of incubation with the TRM (Fig. 1,  lanes 1 and 2) . No qualitative difference in the amount of transcript produced was discernible after 3 h of incubation (data not shown). Subsequent experiments were performed with a 2-h incubation.
The specificity of initiation of the transcription reaction at the T7 promoter sequences was confirmed by incubation of the TRM with 0.1 p,g of a 730-bp amplicon (devoid of the T7 promoter sequences) generated by PCR amplification of hlyA sequences with primers A and B. No detectable transcript was produced after a 2-h incubation (data not shown).
Comparative sensitivity of the TE reaction. The improvement in the sensitivity of detection of L. monocytogenes cells by transcriptional enhancement of the PCR product was studied by agarose gel electrophoresis analysis of the amplification products and hybridization of the TE reaction products with hlyA probe DNA immobilized in the wells of a microtiter plate and subsequent immunoenzymatic assay with an anti-RNA-DNA hybrid antibody. Table 1 shows that the limit of detection for L. monocytogenes cells was essentially the same (ca. 1,000 cells) whether hlyA sequences were amplified by PCR with primer set A plus B (730-bp product) or A-T7 plus B (756-bp product) when the products were analyzed by agarose gel electrophoresis. When the PCR product obtained by using primers A-T7 and B was subjected to the TE reaction, the RNA transcript from as few as ca.
185 cells could be visualized on the gel (Table 1) . No evidence of the 756-bp PCR DNA could be discerned at this cell level. A minimum of 10 to 12 ng of purified 730-bp and 756-bp PCR DNA could be visualized on a gel, whereas the TE reaction product from a minimum of 1.2 ng of 756-bp DNA could be visualized on the same gel (data not shown). Thus, transcriptional enhancement of the PCR and analysis of the products by agarose gel electrophoresis increased the sensitivity ca. 5-fold for the detection of L. monocytogenes cells and ca. 8-to 10-fold for the detection of purified 756-bp PCR DNA.
The detection of TE reaction product by hybridization with an hlyA DNA probe immobilized in the wells of a microtiter plate and immunoenzymatic assay of the resulting RNA-DNA hybrids with an anti-RNA-DNA detector antibody was studied. The presence of as little as 0.15 ng of purified 756-bp PCR DNA in the TE reaction gave a detectable response (450) above the background (no DNA) in the immunoenzymatic assay of the TE reaction product (Fig. 2 ).
This represents a ca. 10-fold improvement in the overall sensitivity of the procedure compared with analysis by agarose gel electrophoresis. 
